Small interfering ribonucleic acid (siRNA) molecules play a pivotal role in silencing gene expression via the RNA interference mechanism. A key limitation to the widespread implementation of siRNA therapeutics is the difficulty of delivering siRNA-based drugs to cells. Here, we examine changes in the structure and dynamics of a dipalmitoylphosphatidylcholine bilayer in the presence of a siRNA molecule and mechanical barriers to siRNA transfection in the bilayer. Our all-atom molecular dynamics simulation shows that siRNA induces a liquid crystalline-to-ripple phase transformation in the bilayer. The ripple phase consists of a major region of non-interdigitated and a minor region of interdigitated lipid molecules with an intervening kink. In the ripple phase, hydrocarbon chains of lipid molecules have large compressive stresses, which present a considerable barrier to siRNA transfection. Small interfering ribonucleic acid (siRNA) is a doublestranded molecule consisting of 21-25 nucleotides on each strand and 2 nucleotide overhangs at the 3 0 ends. It is well known that a bare siRNA molecule cannot easily cross a cell membrane because of its large molecular weight and negative charge on its backbone.
Small interfering ribonucleic acid (siRNA) is a doublestranded molecule consisting of 21-25 nucleotides on each strand and 2 nucleotide overhangs at the 3 0 ends. It is well known that a bare siRNA molecule cannot easily cross a cell membrane because of its large molecular weight and negative charge on its backbone. 1 Since the discovery of RNA interference (RNAi), substantial effort has gone into developing strategies to deliver siRNA based drugs 1 that can directly destroy messenger RNA (mRNA) transcribed from oncogenes, potentially arresting pathological cell proliferation. RNAi also has the capacity to knock out other points in biochemical pathways, potentially crippling proliferative mechanisms at arbitrary "weak points." Strategies based on siRNA treatment have been investigated for gastric, colon, prostate, breast, lung, bladder, and ovarian cancer. 2 Despite a great deal of experimental research, the effects of a bare siRNA on the structure and mechanics of a cell membrane are not well understood. Here, we examine molecular processes that give rise to siRNA-induced transfection barriers in a model biomembrane consisting of dipalmitoylphosphatidylcholine (DPPC) molecules at a temperature of 323 K and atmospheric pressure. Under these conditions, the thermodynamic state of a fully hydrated DPPC bilayer without the siRNA is the liquid crystalline phase L a . [3] [4] [5] In this phase, DPPC molecules diffuse laterally and their hydrocarbon chains have conformational disorder in the form of gauche defects. Upon cooling at atmospheric pressure, the bilayer transforms into a ripple phase (labeled P b ) below a temperature of 315 K. 5 Upon further cooling, the DPPC bilayer first goes into a gel phase (labeled L b ) at T ¼ 308 K and then crystallizes into a subgel or crystal phase at 280 K. 5 In the gel phase, hydrocarbon chains are nearly parallel and the membrane is thicker and less permeable than in the fluid phase. The characteristics of L b ! P b and P b ! L a phase transformations have been studied both experimentally and by computer simulations. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The structure of the ripple phase has been the subject of several experimental and theoretical investigations. 3, 4, 25 X-ray studies indicate that the ripple phase in a DPPC bilayer consists of major (M) and minor (m) regions separated by kinks. [9] [10] [11] From X-ray data, the ripple length (k r ), stacking repeat distance (d) and oblique angle (c) have been extracted. Fourier transform infrared and 13 C-NMR measurements show a high degree of tail stretching of DPPC molecules in the ripple phase. 7, 8 Differential scanning calorimetry, 26 X-ray 14 and neutron diffractions, 9 scanning-tunneling microscopy, 13 and freeze-fracture electron microscopy 9,14 have also been used to study the ripple phase. Experiments indicate that the size of the hydrated head group, the tilt of acyl chains, the extent of the chain movement, and the strength of intraleaflet interactions are the key determinants of the ripple phase.
14 Sengupta et al. 10 have used electron density maps to establish that the average chain tilt along the direction of rippling is responsible for ripples. Other models assume that ripples form to relieve packing frustrations when the relationship between the cross-sectional areas of head groups and apolar tails exceeds a certain threshold. 15 It has also been suggested that periodic local spontaneous curvature in lipid bilayers gives rise to ripples. The local spontaneous curvature could arise from electrostatic coupling between water molecules and polar lipid head groups, coupling between membrane curvature and molecular tilt, or the generation of curvature by linear arrays of fluid state lipid molecules. 15 Several simulation studies have also reported the formation of ripple phases. Lenz and Schmid 20 used Monte Carlo simulations of a coarse-grained molecular model for lipidsolvent mixtures to study ripple phases. They find that the head group and tail size mismatch and interdigitation were important factors in the ripple-phase formation. Mesoscopic simulations by Kranenburg et al. 23 indicate that the frustration arising from the surface area of head groups and the lateral density of lipid tails is a key factor in the formation of ripple phases.
In this paper, we present an all-atom molecular dynamics (MD) simulation study of a DPPC bilayer interacting with a bare siRNA molecule. Figure 1 is a snapshot of the simulated system comprising a siRNA, 648 DPPC, and 216 100 water molecules, and 40 sodium ions to maintain charge neutrality in the system. 27, 28 In our simulations, the siRNA sequence is ss(UU)-ds(GACAGCAUAUAUGCUGUC)-ss(UU). The MD cell contained 733 917 atoms and the initial dimensions of the cell were 14.4 Â 14.4 Â 38.6 nm 3 . The pre-equilibrated DPPC membrane was taken from Ref. 29 and replicated in the x and y directions to generate a membrane of crosssectional area 14.4 Â 14.4 nm 2 . The MD simulation was carried out with CHARMM 36 force field [30] [31] [32] using the GROMACS MD package. 33 Periodic boundary conditions were imposed, and the particle mesh Ewald method was used to compute the long-range Coulomb interaction. 34 The real-space contributions to Coulomb potential and forces were calculated with a cutoff of 1.0 nm, and the Fourierspace contributions were calculated on a mesh of 0.15 nm. The non-bonded Lennard-Jones interaction was calculated with a cut-off of 1.2 nm. The simulation was carried out in the isothermal-isobaric ensemble using a Nos e-Hoover thermostat 35 to maintain the temperature at 323 K and Parrinello-Rahman barostat to keep the pressure at 1 bar. 36 Interatomic bond lengths were constrained using the LINCS algorithm. 37 Equations of motion were integrated with the velocity-Verlet algorithm using a time step of 1 fs and the simulation was run for 500 ns.
The siRNA induces significant changes in the structure of the DPPC bilayer. Figure 2 gives an overall view of the membrane structure at time t ¼ 500 ns. In Fig. 2(a) , the head groups and tails of lipid molecules in the distal leaflet (farther from the siRNA) are blue and cyan, respectively, and lipid tails of the proximal leaflet are brown. The patchiness in the x-y plane of the membrane indicates significant variation in the membrane thickness. To quantify this, we divided the membrane into 200 Â 200 pixels in the x-y plane and calculated the bilayer thickness in each pixel 38 (The bilayer thickness, D, in a pixel is defined as the maximum distance between the lipid head groups in the proximal and distal leaflets.) Figure 2(b) shows the distribution functions for membrane thickness at time t ¼ 2 ns and 500 ns. At 2 ns the distribution function has a single peak, indicating that the membrane is uniform and its thickness is about 3.7 nm. As time evolves, the membrane thickness develops a bi-modal distribution and at t ¼ 500 ns, the distribution function has a prominent peak around 4.7 nm and a smaller one around 3.0 nm. Figure 2(c) is a color-coded snapshot of the membrane thickness in 200 Â 200 pixels at t ¼ 500 ns. Here, the membrane thicknesses in the major (orange) and minor (purple) regions are D M % 4.7 nm and D m % 3.0 nm, respectively.
In Fig. 3 , panels (a) and (b) present side views of the bilayer structure in minor and major regions, respectively, at time t ¼ 500 ns. Here, the lipid head groups and hydrocarbon tails in the proximal leaflet of the DPPC bilayer are blue and cyan, and in the distal leaflet, they are red and brown, respectively. Figures 3(a) and 3(b) show that the minor region consists of interdigitated and the major region contains noninterdigitated lipid molecules. These snapshots also show that lipid molecules in major and minor regions are tilted relative to the bilayer normal, i.e., the z-axis. The average tilt angle h is around 26 for the patch of noninterdigitated lipid molecules. The experimental value of h in the gel phase of a fully hydrated DPPC bilayer is 32 . 39 It should be noted that the siRNA molecule is freely diffusing and we find no correlations between the lateral location of the siRNA and any specific region of the bilayer.
The major and minor regions make up almost entirely the ripple phase of the DPPC bilayer. Figure 4 is a snapshot of the ripple phase taken at t ¼ 500 ns. We have used such snapshots to estimate the average wavelength (k r ), amplitude (A), tilt angle (c), and widths of the major (d M ) and minor (d m ) regions. We find k r ¼ 10.85 nm, A ¼ 1.07 nm, c ¼ 104 , d M ¼ 3.33 nm, and d m ¼ 1.41 nm. Freeze-fracture electron microscopy and X-ray diffraction studies indicate that k r $ 13 nm and c ¼ 95
for the ripple structure in DPPC and that the hydrocarbon chains in the ripple phase are tilted relative to the normal to the bilayer plane.
de Vries et al. have performed all-atom MD simulations to study the ripple-phase structure in lecithin bilayers. 25 They observe that the interdigitated patch connects the neighboring noninterdigitated region such that the upper leaflet of the bilayer on one side crosses over into the lower leaflet on the other side. They find that k r ¼ 12-16 nm,
6 nm, and d m ¼ 3.2 nm for the ripple phase in the DPPC membrane.
In our simulation, we notice that hydrocarbon tails of lipid molecules in major and minor regions are almost straight whereas in the intervening kink they are disordered. To quantify this disorder in kinks, we calculated gauche defect distribution function in lipid tails and found peaks around 668
. These peaks are similar to the peaks in the distribution function for gauche defects in the L a phase. Furthermore, the planar (x-y) self-diffusion coefficient of lipid molecules in the kink region has nearly the same value as in the L a phase. Together, the gauche defect density and lipid diffusion indicate that the kink region is akin to the L a phase of the DPPC bilayer.
In the major and minor regions of the ripple phase, lipids are more closely packed and stresses in hydrophobic tails are more compressive than in the L a phase. To quantify this, we calculated the stress tensor (see also the supplementary material 40 )
where m i is the mass of the i th atom,ṽ i is its velocity, andr ij andF ij are the position vector and force between atoms i and j, respectively. Figure 5 shows the stress p(z) ¼ (P xx þ P yy )/ 2 À P zz as a function of the distance z normal to the bilayer plane in the ripple phase (see also Figs. S1 and S2 in the supplementary material 40 ). Here, positive peaks indicate membrane expansion in the lipid head-group region, and negative peaks imply membrane compression in lipid tails. Evidently, the siRNA reduces the positive lateral pressure in the head- group region while enhancing the compressive stress significantly in lipid tails.
In summary, our all-atom MD simulation shows that the siRNA induces a liquid crystalline-to-ripple phase transformation in the bilayer. The ripple phase consists of a major region of non-interdigitated and a minor region of interdigitated lipid molecules with an intervening kink. The bilayer thicknesses in the major and minor regions are 4.7 nm and 3.0 nm, respectively. There is experimental evidence for interdigitation of lipid molecules in the presence of anions: Lesslaue et al. 42 report that the anionic fluorescent probe 1-anilino-8-naphthalene sulfonate decreases the lipid bilayer thickness to 3 nm because of interdigitation of lipid chains. X-ray diffraction data show that chlorpromazine also reduces the bilayer thickness from 5 nm to 3 nm. 43 In the ripple phase, we find large compressive stresses in lipid tails, which present a considerable barrier to siRNA transfection across the bilayer. To facilitate siRNA transfection, it is essential to lower the mechanical barrier arising from large compressive stresses in the ripple phase. Experiments indicate that cationic nanoparticles fluidize the gel phase of lipid vesicles, 44 and encapsulation in cationic liposomes enhances the transfection efficiency of siRNA molecules. 2 We thank Noah Malmstadt and Satyavani Vemparala for helpful discussions. This work was supported by a NSF-CDI grant. Simulations were performed on the 20 925-processor Linux cluster at USC's High Performance Computing Facility and on the 4096-processor Linux cluster at our Collaboratory for Advanced Computing and Simulations.
